In a variety of developmental systems, asymmetric mitoses precede, and are essential for, cellular differentiation. Recent studies demonstrate a role for the motor protein cytoplasmic dynein in generating the mitotic asymmetries that lead to Drosophila oocyte differentiation. Address The developmental mechanisms that lead genetically identical cells to differentiate into functionally, biochemically and morphologically distinct cell types are beginning to emerge. This complex process is often controlled by intercellular signaling pathways that induce changes in target cells. Cell fate can also be specified, however, by asymmetries that are generated during spatially oriented and cytologically unequal mitotic divisions, during which differentiation factors present within a mother cell are segregated to a single daughter cell at cytokinesis (reviewed in [1] [2] [3] ). Perhaps the best studied example is germline specification in the nematode Caenorhabditis elegans. In this system, cytoplasmic structures called P granules are tightly linked to germline differentiation, and segregate to the germline lineage during the mitotic divisions that initiate early embryogenesis. The P granules are initially dispersed throughout the oocyte, but localize to one pole of the zygote shortly after fertilization (Figure 1 ). This initial asymmetry is not sufficient, however, to segregate the P granules to a single daughter at cytokinesis; this requires a reorientation of the mitotic spindle to produce a cleavage plane that places the P granules in a single daughter cell (Figure 1 ). Germline differentiation in C. elegans is, therefore, a two step process requiring both localization of a differentiation factor and spindle reorientation.
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Oogenesis in the fruitfly Drosophila is initiated by a series of cytologically asymmetric divisions during which the mitotic division planes are also controlled by reorientation of the spindles (for a detailed review of oogenesis, see [4] ). While an asymmetrically segregated oocyte differentiation factor has not been identified in this system, the specific orientation of the mitotic divisions appears to be essential to oocyte differentiation. Elegant genetic and cytological analyses by McGrail and Hays [5] now provide compelling support for this hypothesis, and suggest a simple mechanism for cytoplasmic dynein based spindle orientation during these asymmetric divisions.
Drosophila oogenesis is initiated by a stem cell division that regenerates the stem cell and produces a cystoblast (see [6] ). This asymmetric stem cell mitosis is followed by four synchronous cystoblast mitotic divisions that produce a cyst of 16 germline cells. Cytokinesis is incomplete at each of the cystoblast divisions, and the resulting 16 cells are, therefore, linked by arrested cleavage furrows that mature into stable ring canal junctions The cell cleavage plane at cytokinesis forms at the equator of the mitotic spindle, and is perpendicular to the spindle axis (see Figure 1 ). The position of the mitotic spindle thus specifies the pattern of arrested cleavage furrows that form during the cystoblast divisions. Spindle orientation during these divisions appears to be controlled through association of the spindle poles with a structure called the fusome [8] . The fusome is a specialized region of cytoplasm that branches through the cell-cell junctions and interconnects the cystoblasts ( Figure 2b ) [4] . During all four of the cystoblast divisions, one pole of each mitotic spindle is anchored in the fusome. As a result, the pre-existing cell-cell junctions are segregated to the mother cells at each of the cystoblast divisions, which leads to the regular pattern of ring canals connections observed in mature cysts (Figure 2a ). Supporting this notion that the fusome is required for spindle orientation, mutations that block fusome formation also disrupt spindle orientation and the pattern of ring canal connections [6, 9] . These mutations also disrupt oocyte differentiation, suggesting that the oriented mitoses may be required for oocyte specification [9] .
The recent studies of McGrail and Hays [5] provide strong support for the hypothesis that orientation of the cystoblast divisions relative to the fusome is essential to oocyte differentiation. In a particularly striking series of experiments, these authors exploited techniques for making mutant germline clones and dynein mutations to produce cystoblasts lacking dynein within ovaries in which most cysts expressed this protein. The cysts lacking dynein were identified by the absence of immunolabeling with an anti-dynein antibody, and these mutant cysts were found to contain 16 nurse cells and no oocyte. By contrast, neighboring cysts expressing dynein contained the expected single oocyte and 15 nurse cells [5] . These observations, and additional analyses of ovaries heterozygous for specific mutant alleles of dynein, indicated that this microtubule motor protein is essential to oocyte differentiation.
The pattern of ring canal connections was found to be disrupted in cysts lacking dynein, suggesting that the primary defect may be in regulating orientation of the cystoblast divisions. McGrail and Hays [5] directly examined the pattern of cystoblast divisions in dynein mutant ovaries by double label immunofluorescence analysis of microtubule and fusome distributions. As mentioned above, one pole of each spindle is normally associated with the fusome during the cystoblast divisions. In dynein mutant ovaries, however, the spindle poles were not associated with the fusome, but appeared to be randomly oriented within the clusters of dividing cystoblasts. These observations suggest that a primary function for dynein is to orient the mitotic spindles relative to the fusome, and that the defects in spindle-fusome interaction lead to random cleavage and the defects in ring canal pattern observed in later mutant cysts.
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Figure 2
The The mechanism of cytoplasmic dynein based spindle orientation is suggested by the location of this protein during the cystoblast divisions. Cytoplasmic dynein is not clearly localized within interphase cystoblasts, but shows a striking accumulation on the fusome in mitotic cysts. Spindle microtubules are oriented with their minus ends at the centrosomal microtubule organizing centers -the spindle poles -and plus ends extending through the cytoplasm (Figure 3 ). Mitosis-specific localization of dynein to the fusome thus suggests that microtubules originating at the spindle poles extend their plus ends into the cytoplasm, where they encounter cytoplasmic dynein on the fusome. Because the position of the fusome is fixed, the resulting minus end directed motor activity draws the minus end anchoring spindle pole to the fusome (Figure 3b ). Other functions for dynein during the cystoblast divisions are also possible; for example, fusome assembly may require dynein [5] . This simple model is, however, sufficient to explain the genetic and cytological observations, and is consistent with the in vitro minus end directed microtubule motor activity of cytoplasmic dynein.
Only one spindle pole associates with the fusome during each of the cystoblast divisions. Within the model described above, the pole that ultimately associates with the fusome could be chosen at random, and reflect the origin of the first microtubule that encounters dynein on the fusome. Alternatively, the spindle pole that interacts with the fusome could be structurally distinct from the pole that is oriented away from the cell-cell junction (see [10] ). Supporting this possibility, Lin and Spradling [9] have found that a spectrin-containing structure preferentially associates with one pole during the early cystoblast divisions. This structure does not, however, appear to persist through all the divisions, yet spindles are oriented toward the fusome at each mitosis. The available evidence is, therefore, insufficient to determine if the spindle pole that associates with the fusome is chosen at random or is structurally specified.
Why is the specific orientation of cystoblast mitoses required for oocyte differentiation? The orientation of the divisions could ensure that an oocyte differentiation factor is segregated to one of the four ring canal cells, in a process similar to P granule segregation during germline specification in early C. elegans embryos [3] . But as indicated above, no asymmetrically localized oocyte differentiation factor has yet been identified. An alternative possibility is that the oriented cystoblast divisions are required for later microtubule-dependent transport processes that are involved in oocyte differentiation [10] .
The oocyte is transcriptionally inactive through most of oogenesis, and most ooplasmic components are, therefore, synthesized in the nurse cells and transported to the oocyte. On completion of the cystoblast divisions, the microtubule cytoskeleton within the germline cysts reorganizes to form a single microtubule organizing center in the four ring canal cell that will become the oocyte [10] . Microtubules extend from this microtubule organizing center through the ring canals and into the nurse cells. Disruption of this polarized microtubule array blocks the accumulation of several RNAs and proteins in the pro-oocyte, prevents oocyte differentiation and leads to production of 16-nursecell cysts [10] . These observations suggest that oocyte differentiation factors are initially distributed throughout the 16 cell cyst, and that microtubule-dependent transport of these factors to the pro-oocyte drives oocyte differentiation. The asymmetric cystoblast divisions could, therefore, be essential to assembly of the polarized microtubule cytoskeleton that appears to concentrate oocyte differentiation factors in the pro-oocyte during post mitotic development of the 16 cell cysts.
While the specific function of the oriented mitotic divisions that initiate Drosophila oogenesis remains to be resolved, the cellular mechanisms controlling these divisions are coming to light. Asymmetric mitotic divisions have been found to play an important role in cell fate decisions in a variety of organisms, and genetic and cytological analyses of early oogenesis in Drosophila promise to provide significant insight into this intriguing differentiation pathway.
